traction (11) , and there is a fascinating story emerging on the role of PI3Kg in the regulation of myocyte contractility (12) . In particular, a comparison between the differential effects of p110g deletion and a p110g kinasedead knockin mutation suggests that p110g contributes a nonlipid kinase or scaffolding function to the reduction of cyclic adenosine monophosphate (cAMP) concentration in myocytes, delivering decreased contractile force in response to b-adrenergic stimulation. The mechanism for this effect may involve direct binding of PI3Kg to a cAMP phosphodiesterase (PDE3B).
Because PI3Kg is involved in the mechanisms that direct several types of immune cells to sites of inflammation in the joints, lungs, and other organs, several laboratories have investigated the susceptibility of p110g KO mice to various models of inflammatory disease, particularly those with an autoimmune component. Descriptions of PI3Kg involvement in the regulation of blood vessel contraction, clot formation, and the heart are also starting to prompt the analysis of these mice in models of cardiovascular disease (13) . This work is driven by the knowledge that the adenosine triphosphatebinding site of the catalytic subunit of PI3Ks is a druggable target, with PI3K isoform-selective inhibitors in development in several pharmaceutical companies (2) . The first PI3Kg-selective inhibitors are now starting to appear, with efficacy so far in the treatment of mouse models of rheumatoid arthritis (14) and systemic lupus (15) .
There is clearly still much to be discovered about the regulation of PI3Kg individual receptors, the relative contributions of Gbg subunits and Ras, the importance of p101 versus p84, and also the potential new scaffolding functions for both regulatory and catalytic subunits. There is also still more to learn about how the lipid products of PI3Kg regulate complex cellular responses in different cell types. Perhaps of greatest general interest, however, is just how effective the first p110g-specific inhibitors will prove to be in clinical trials of human inflammatory disease. 16 A number of receptors facilitate Hh binding to Ptc (1, 2), including members of the cell adhesion molecule-related/down-regulated by oncogenes (Cdo) family. Cdo and its Drosophila homolog Interference hog (Ihog) associate with Hh through a fibronectin type III (FnIII) repeat (6, 7), a motif with potential for binding sulfate ions (8) . Indeed, dimerization of Ihog and its conversion from a weak to a high-affinity Hh-binding molecule can be induced by heparin, a protein with sulfated polysaccharide modifications. How Ihog and Cdo proteins promote Hh-mediated responses in coordination with Ptc and other Hh receptors, particularly the heparan sulfate-modified Dally-like protein (Dlp), which also contributes to the Hh response (1), remains to be addressed.
Ultimately, the concerted action of these receptors activates Smo by promoting Hh interaction with Ptc. Smo activation is best understood in Drosophila (9). Initial phosphorylation of cytosolic tail sequences in Smo corresponds with protein accumulation at the plasma membrane, thus favoring interactions with a cytoplasmic regulatory complex scaffolded by the kinesin-like molecule Costal-2 (Cos2). This complex also contains the serine/threonine kinase Fused (Fu) and the transciptional effector Cubitus interruptus (Ci) (Fig. 1A) . The mechanism by which Smo stimulates the transcriptional activity of Ci and inhibits proteolytic processing of Ci to a repressor (CiR) through Cos2, Fu, and another cytoplasmic regulator, Suppressor of Fu [Su(fu)], was previously reviewed (9) .
The ultimate target of Smo action in mammals is the Gli zinc finger family of proteins composed of three mammalian homologs of Ci (Gli1 to Gli3), with proteolytically processed Gli3 (Gli3R) predominantly functioning as a transcriptional repressor (Fig. 1A) . Many studies support the hypothesis that Smo in Drosophila and mammals uses different mechanisms of action to activate Ci or Gli proteins, respectively (10) . The inability to identify mammalian Cos2 and Fu homologs also likely exemplifies differences in Hh signaling between flies and mammals (2, 10).
Insight into the mammalian Hh pathway has come from forward genetic screens in mice with chemically induced mutations that have revealed genes essential to neural tube formation, a Hhdependent process (11) . Surprisingly, the majority of these genes are involved in the formation of the primary cilium, a microtubule-scaffolded organelle found in most cells (2) . Subsequent studies revealed that components of the cilia, such as intraflagellar transport proteins, participate not only in the activation of Gli proteins but also in the processing of Gli3 (11) . In this capacity, ciliary proteins appear to be the functional equivalent of Cos2 (Fig. 1A) . Furthermore, almost all the known mammalian Hh components, including Ptch1, Smo, Su(fu), and Gli proteins, localize to primary cilia (11, 12) . Ptch1 apparently inhibits the localization of Smo to cilia in a Hhdependent manner, suggesting that this compartment is essential to Smo activation (12) . Though it is conceivable that the cilium may simply represent an assembly point for pathway components, its requirement for both Hh pathway activation and suppression implicates a more direct role.
More complete understanding of cilia and their role in the Hh response awaits the identification of the immediate downstream effector of Smo and its subcellular localization. In Drosophila, the kinase Fu appears to contribute to most downstream events controlled by Smo, including suppression of Cos2 and Su(fu) (13, 14) . The central role of Fu to Hh response in insects implies that a functional equivalent of Fu remains to be found in mammals. Whether or not a mammalian Fu exists, the mechanism of Smo action will likely have to account for Hh-dependent regulation of Su(fu), which appears to function as a major pathway suppressor in both insects and mammals (Fig. 1A) (15) .
The role of the Hh pathway in tumorigenesis likely exemplifies its nearly universal participation in cell fate decision-making (16) . Hh-related tumors can be broadly categorized based on whether or not they present as part of Gorlin's (also called basal cell nevus) syndrome. Patients with this syndrome often harbor an inactivating mutation in Ptch1, which, independently of Hh ligand, promotes a broad range of tumors, most frequently basal cell carcinoma (Fig. 1B) . Conversely, the oncogenic events that drive the Hh-dependent aberrant response often observed in non-Gorlin's tumors have not been defined, despite the greater number of cancers that fall into this category (Fig.  1B) . These tumors likely are sustained by Hhdependent cell-autonomous signaling in populations of cancer stem cells (17) , suggesting that therapeutics that attack the Hh pathway may offer specificity over strategies that generally block cell proliferation. 
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The wealth of mechanistic insight into how the Hh pathway functions has revealed both the sophistication of this signal transduction network and the challenges that remain in the treatment of Hhrelated diseases. Of urgency is the development of rational therapeutic approaches using knowledge of the pathway to specifically target the events underlying aberrant pathway response. Success in this endeavor will require an understanding of how primary cilia, lipoproteins, and sterol biosynthesis contribute to Hh-related diseases.
PERSPECTIVE

Advances in Cytokinin Signaling
Bruno Müller and Jen Sheen* Cytokinins are essential plant hormones that control various processes in plants' development and response to external stimuli. The Arabidopsis cytokinin signal transduction pathway involves hybrid histidine protein kinase sensors, phosphotransfer proteins, and regulators as transcription activators and repressors in a phosphorelay system. Each step is executed by components encoded by multigene families. Recent findings have revealed new functions, new feedback loops, and connections to other signaling pathways.
T he plant hormone cytokinin comprises a class of adenine-derived signaling molecules involved in diverse processes throughout a plant's life, such as stem-cell control in root and shoot; vascular differentiation; chloroplast biogenesis; root, shoot, and inflorescence growth and branching; nutrient balance; leaf senescence; stress tolerance; and seed development (1-6). More than 50 years ago, Skoog, Miller, and collaborators purified the first cytokinin crystal from autoclaved herring sperm DNA extracts and demonstrated its ability to strongly stimulate proliferation in tobacco tissue culture (7). It then took some 40 years to identify the first genes involved in cytokinin signaling. Kakimoto and colleagues pioneered in performing large screens based on the effects of cytokinin on cultured Arabidopsis tissues and uncovered a role for histidine kinases (HKs) in cytokinin signal transduction (8, 9) . HKs are prevailing sensors in prokaryotes that initiate a signaling system in which phosphoryl groups are transferred between histidines and aspartates (phosphorelay signaling system) to activate or inhibit cognate downstream partners called response regulators (RRs). Completion of the Arabidopsis genome sequence facilitated the identification of all potential components of phosphorelay signaling: There are eight transmembrane HKs, six histidine phosphotransfer proteins (HPTs), and more than 20 RRs (1, 2, 10, 11). Isolated leaf cells were systematically transfected with putative tagged phosphorelay components to test how these components affected the responsiveness of a cytokinin reporter. This analysis resulted in a model (Fig. 1 ) that distinguishes four major steps of the cytokinin phosphorelay from the plasma membrane to the nucleus: (i) cytokinin sensing and initiation of signaling by receptor HKs; (ii) phosphoryl group transfer to HPTs and their nuclear translocation; (iii) phosphotransfer to nuclear B-type RRs, which activate transcription; and (iv) negative feedback through cytokinin-inducible A-type RRs, which are products of the early cytokinin target genes (11) . Identification of the orthologs for cytokinin signaling components in other plant species suggests evolutionary conservation of this pathway.
Careful and extensive analyses of plants harboring loss-of-function mutations in signaling components have corroborated the core logic of the cell-based model. Mutant phenotypes became apparent only after multiple family members were knocked out, which suggests extensive functional redundancy at each signaling step (2) . However, individual components seem to accomplish specific tasks as well, as illustrated by the following findings. Receptors exhibit differential affinities for different cytokinins (1, 5, 12) . One out of three well-characterized cytokinin receptors specifically mediates a delay of senescence in Arabidopsis leaves (2, 13) . Plants mutated in some RR gene pairs (out of the large RR family) display subtle differences in phenotypes (2). In addition, overexpressing different A-or B-type RR family members results in plants with different phenotypes (1, 2, 11). A comprehensive protein interaction map for all potential components involved in signaling shows distinct patterns of interaction between protein family members (10). The molecular basis and biological importance of these observations will need further studies.
To understand the pathway mechanism in more detail, several questions need to be addressed. Not all eight HKs found in the Arabidopsis genome encode cytokinin receptors. For example, two HKs encode ethylene receptors, one encodes a putative osmosensor, and another one shows constitutive HK activity when overexpressed (1-4, 8, 10 ). Their precise roles with respect to cytokinin signaling remain unclear. B-type RRs bind similar cis elements in vitro and induce transcription (14) . How are they involved in generating tissue-and cell-specific signaling outputs? Do they interact with specific but unknown partners? And what is the molecular mechanism by which A-type RRs attenuate signaling?
Recent findings have added some twists to the pathway. Aside from its kinase function, a cytokinin receptor was found to exhibit phosphatase activity that removes phosphoryl groups from interacting Arabidopsis histidine phosphotransfer proteins (AHPs) when no cytokinin is bound. Many prokaryote HKs have such phosphatase activity, and they are associated with phosphorelay systems that need to be shut off quickly. In Arabidopsis, the phosphatase activity of this HK may help to ensure that, in the absence of cytokinin, the pathway is quickly and completely inactivated (15) . One of the six Arabidopsis HPTs, AHP6, was identified as a "pseudo-HPT" because of a mutation in the conserved histidine residue required to accept the incoming phosphoryl group from the recep-
